Abstract
INTRODUCTION
Lung ground glass nodules (GGNs), unlike solid nodules, are described as hazy opacities that do not completely obscure underlying bronchial structures or pulmonary vessels on highresolution computed tomography (CT) scans [1] . In 2006, Suzuki et al. [2] established a radiological classification for small adenocarcinomas of the lung, including nodules of 2 cm or less with or without a solid part, and distinguished pure, dense or part-solid GGNs, thereby suggesting differences in risk of invasiveness and lymph node metastasis. The prevalence of GGNs among lung nodules is around 6% in two lung-screening studies that included a large number of patients [3] [4] .
In most cases, these lesions are adenocarcinomas but other aetiologies exist, such as resolving infectious and inflammatory diseases, lymph-proliferative disease or haemorrhage [5] . Therefore, one should observe a follow-up period before considering any treatment option. Once the follow-up period is completed, an important issue in the management of GGNs is to try to predict the degree of invasiveness. In 1995, Noguchi et al. [6] proposed a simple histological sub-classification of lung adenocarcinomas based on tumour radiological patterns that showed a good association with prognosis. A new lung adenocarcinoma classification based on predominant histological patterns was proposed in 2011 by the International Association for the Study of Lung Cancer, the American Thoracic Society and the European Respiratory Society [7] . This classification demonstrated a difference in prognosis depending on the histological subtypes of lung adenocarcinoma and has now been incorporated into the latest World Health Organization (WHO) classification [8] . Our team confirmed that this classification was reliable in a white population [9] . Because invasive adenocarcinomas are more aggressive than minimally invasive or in situ tumours, recognition of the invasive character of the lesion before treatment would be useful to guide the clinical decision. In particular, more accurate prognostic evaluation might allow lung-sparing procedures in selected cases. At imaging, size, density and evolution have been reported to be key factors in distinguishing these redefined entities [10, 11] , but most series of GGNs were based on Asian populations. White people have different characteristics [12] , and previously described radiological and pathological correlations might not be applicable to them. Therefore, our goal was to evaluate correlations between radiological and pathological features of resected ground glass opacities in a white population.
MATERIALS AND METHODS
The study was carried out according to principles outlined in the Helsinki declaration and in agreement with the French laws on biomedical research. All included and operated patients agreed to the use and analysis of data from their medical records. Institutional review board approval was obtained (CERC-SFCTCV-2015-12-7-18-3-12-folu).
Inclusion criteria
All patients who underwent lung resection in our department for treatment of a ground glass opacity from 1 October 2008 to 31 December 2014 were eligible. Patients were referred for surgical resection by institutional or external physicians after multidisciplinary meetings that resulted in the recommendation of surgical treatment according to 'the Fleischner society's recommendations for follow-up and management of GGNs' [13] . After initial follow-up of the GGN, surgical resection was usually indicated for persisting lesions larger than 1 cm, growth patterns or probability of invasiveness because of the presence of both solid and non-solid (halo) components in the GGN.
Patients included in this study had one to four GGNs, defined as a hazy increased opacity of the lung with preserved bronchial, alveolar and vascular margins. Exclusion criteria were [1] a whole nodule exceeding 3 cm; [2] a part-solid nodule with a solid component exceeding 50% of the whole opacity; [3] association with a synchronous solid pulmonary nodule or a mass requiring another surgical procedure; and [4] more than four synchronous GGNs. When more than one GGN was present, radiological classification and analysis were performed on the main nodule, which was generally the main reason for the operation.
We separated the GGNs into three categories according to Suzuki's radiological classification, using the following predefined criteria [2] : -Pure GGN (type 1) ( Fig. 1 ) with a density < -400 Hounsfield units. They were not visible on the mediastinal window. -Dense GGN (type 2) (Fig. 2) with a density > _ -400 Hounsfield units. They were not visible on the mediastinal window. -Part-solid GGN (types 3 and 4, part-solid nodule with a solid component representing less than 50% of the whole GGN size in the lung window) (Fig. 3) . The solid part was visible on the mediastinal window, either very small (non-measurable) or measurable.
The CT scans were performed on 16-or 64-detector row CT scanners, with or without contrast, allowing reconstruction of 1-mm thick contiguous CT images of the whole thorax, with both low-and high-frequency reconstruction algorithms, and were stored on the picture archiving and communicating system (PACS) of our institution. All CT scans were interpreted by a senior radiologist. For this study, CT scan re-interpretation was performed by two senior radiologists in consensus, using previously defined criteria. Radiologists were blinded to the clinical and pathological data and to previous CT scan reports. Readings were performed on double-screen PACS workstations (Carestream Client version 11.3; Carestream Health, Rochester, NY, USA).
Surgical procedure
Interventions were performed by senior surgeons, using either an open or a video-thoracoscopic approach. For GGNs exceeding 2 cm or centrally located, lobectomy was generally performed when respiratory function allowed it. In lesions 2 cm or less, segmental anatomical resection was preferred, if technically feasible. In other cases (small, peripheral lesion, anatomical resection not feasible, poor patient condition), wedge resection was performed. During the period when the study patients were operated, we used hilar and mediastinal lymphadenectomy with pulmonary surgery in almost all cases.
Pathological diagnosis
All resected specimens were fixed in formalin. The entire tumour was included and was embedded in paraffin with haematoxylin and eosin staining. Two expert thoracic pathologists reviewed all tumour slides and classified the lung adenocarcinomas, in consensus, according to the 2015 WHO classification [8] as in situ adenocarcinoma, minimally invasive adenocarcinoma or invasive adenocarcinoma (lepidic, tubular, papillary, solid or mucinous). The TNM classification of the surgical specimens was performed according to the staging system of Union for International Cancer Control and the American Joint Committee on Cancer (seventh edition).
Statistical analysis
Quantitative variables were described as the mean ± standard deviation or the median with first and third quartiles (according to distribution), and qualitative variables were described as frequencies (percentages). Non-parametric tests were used to study the association between the radiological group and the clinical and pathological characteristics: the Kruskal-Wallis test for quantitative variables and the Fisher's exact test for qualitative variables. Two-sided tests were used, and a P-value < 0.05 was considered significant. All statistical analyses were performed using Stata software version 12 (Stata Corp, College Station, TX).
RESULTS

Preoperative data
During the inclusion period, 72 patients were operated in our department for pulmonary GGN; 42 (58.3%) were women and 30 (41.7%) were men with a mean age of 64.7 (±9.4) years. There were 51 (70.8%) current or former smokers with a mean tobacco consumption of 35.7 (±18.3) pack-years at the time of surgery (Table 1) . Sixty-nine (95.8%) patients were white. Ground glass opacities were mostly asymptomatic and incidentally discovered [n = 54 (75.0%)]. The mean time between discovery of the nodule and the operation was 729.7 (± 264.4) days. After a preoperative workup, resection was indicated for persistence of the nodule in 44 patients (61.1%), growth in 23 (31.9%), densification in 3 (4.2%) and discovery of an ipsilateral nodule in the 2 remaining patients (2.8%). A percutaneous coaxial needle core biopsy was performed in seven cases and yielded positive results for invasive adenocarcinoma in three of them (42.9%). Ten patients had at least a second GGN in the ipsilateral lung. Of those, three patients had a third GGN and one patient had a fourth GGN in the ipsilateral lung. Only radiological and pathological features of the main GGN (primarily indicating surgery) were reported and analysed.
On re-evaluation with CT scans, each GGN was classified in one of the three radiological groups previously defined: pure, dense and part-solid groups, comprising 27 (37.5%), 14 (19.4%) and 31 (43.1%) patients, respectively. The overall median [first and third quartiles] diameter was 19.8 [12.9-23 .0] mm. The radiological size in the pure category was significantly smaller than 
Operative data
Segmentectomy, lobectomy and wedge were performed in 33 (45.8%), 30 (41.7%) and 9 (12.5%) cases, respectively (Table 2) . Seven patients underwent segmentectomy for treatment of GGN exceeding 2 cm (3 S1-2 segmentectomies, 2 S6 segmentectomies, 1 lingula-sparing upper lobectomy and 1 S7-10 segmentectomy). Significantly more lobectomies were performed to treat GGNs in the dense and part-solid groups than in the pure radiological group (P = 0.032). GGNs were palpable in 61 cases (84.7%), and all 11 non-palpable lesions were pure GGN on CT evaluation.
Correlation of pathological findings with imaging
Histological types of resected GGNs were in situ, minimally invasive, lepidic, mucinous, papillary or acinar adenocarcinoma in 11 (15.3%), 17 (23.6%), 18 (25.0%), 2 (2.8%), 11 (15.3%) and 11 (15.3%) cases, respectively. Pathological analysis of the two remaining GGNs showed one mucosa-associated lymphoid-tissue lymphoma (1.4%) and one chronic pneumonia (1.4%). There were no micropapillary or solid adenocarcinomas. Pleural involvement and vascular or lymphatic embolism occurred in 4 (5.6%) and 2 (2.8%) cases, respectively, and were all related to a part-solid GGN seen on imaging. One case of nodal involvement in a patient with a dense GGN corresponded to a T1aN1 papillary adenocarcinoma when examined pathologically. Two GGNs were TTF1 negative, and the histological subtype was mucinous adenocarcinoma. The pathological T parameter, used to classify adenocarcinomas (n = 70), was Tis, T1a, T1b or T2a in 11 (15.7%), 40 (57.1%), 14 (20.0%) and 5 (7.1%) cases, respectively. The five pT2 parameters were related to pleural involvement (N = 4) and one discrepancy between pathological (3.4 cm) and CT-scan (2.9 cm) measurements.
Distribution of pathological types among the three radiological groups is summarized in Table 2 (two different cases are illustrated in Figs 4 and 5) . Non-or minimally invasive adenocarcinomas occurred in the pure, dense and part-solid GGN groups in 16 (61.5%), 7 (50.0%) and 5 (16.7%) patients, respectively (P = 0.001) ( Table 2 ). Analysis of measurable and non-measurable part-solid GGNs (on the mediastinal window) revealed that non-minimally invasive adenocarcinoma was the pathological subtype of the main lesion in three and two patients, respectively.
Univariate analysis comparing the maximal diameter on CT scans of non-minimally invasive versus invasive lesions revealed that GGNs were significantly smaller in the first group [median (first and third quartiles): 14.3 mm (11.0-20.8) vs 21.8 mm (17.0-25.0), P < 0.001] (Fig. 6a) . The receiver operating characteristic curve in Fig. 6b shows the true positive ratio (sensitivity) and the false negative ratio (1-specificity) for the maximal diameters of GGNs. The optimal cut-off value to predict the invasive pattern of adenocarcinomas was 13 mm (area under the curve, 0.78; 95% CI, 0.67-0.89). Comparison of the percentage of the solid component among part-solid GGNs in the two groups (non-or minimally invasive versus invasive lesions) did not show any significant association between invasiveness and ratio of solid part [median ratio of solid part (first and third quartiles): 29% (27-33%) vs 36% (29-46%), P = 0.221].
DISCUSSION
The present study demonstrated that, in a predominantly white population of selected patients, small resected GGNs with less than 50% of the solid component were all adenocarcinomas, except for one benign lesion and one mucosa-associated lymphoid tissue lymphoma. It also revealed that these adenocarcinomas were mostly invasive (60.0%; lepidic, mucinous, papillary or acinar, no micropapillary or solid subtype). Furthermore, it showed that features seen on the CT scans, such as radiological group (as previously defined) and the size of the whole GGN, were associated with invasiveness. These statements should be interpreted in view of the selection bias resulting from our inclusion criteria: lesions more than 1 cm, growing or containing a solid component. Indeed, we followed recommendations of the Fleischner Society for managing GGNs, thus enhancing the ratio of potentially malignant resected lesions [13] . Obviously, our study deals with resected lesions; at no time did we attempt to evaluate the natural history of GGNs or the nature of GGNs in an unselected population.
Our cohort comprises primarily white patients, whereas the majority of surgical series of GGNs comprise Asian populations, which differ in terms of morphology, smoking habits and the biological behaviour of the tumour [12] . The present study population also included a slight majority of women but, unlike the Asian populations, included more current or former smokers and more older patients. These ethnic characteristics could be responsible for differences in our pathological results for resected GGNs compared with those from other series. For example, Honda et al. [14] reported no invasive lesions among resected GGNs that were less than 50% solid; they found only in situ and minimally invasive histological types among 142 adenocarcinomas 2 cm or less, but they used different criteria for considering patients suitable for surgery, including small, stable and pure
GGNs. The impact of the ethnic pattern on invasiveness is controversial but when we compared our pathological outcomes with those of Asian series using similar inclusion criteria, the ratio of invasive lesions among resected GGNs seemed uniform, with 39% for Lim et al. [15] (n = 46) and 43.6% for a Korean series (n = 156) [16] . Also, our pathological analysis of the part-solid nodules group revealed a significant ratio of non-invasive adenocarcinomas if we take into consideration that the mean size of the solid part was almost 1 cm within the GGN, which meant that the total size was >2.0 cm. Indeed, in Takahashi's study, part-solid nodules with the solid part exceeding 1 cm were non-or minimally invasive lesions in only 8.5% of cases [17] . The Korean team reported a 31% ratio of non-or minimally invasive adenocarcinomas among 35 part-solid nodules, but this result should be analysed taking into account that they only included nodules with small solid parts (<5 mm) [16] . We did not find any significant association between the ratio of the solid to the part-solid part and invasiveness, probably because the size of our cohort limited the power of our study. Nevertheless, if one relies on small nodules with a minority of solid components, the percentage of the solid component in partsolid GGNs is likely to be correlated with the degree of invasiveness [18] .
Many authors reported that CT attenuation of a pure GGN is a predictive factor for its evolution and invasiveness [19, 20] . In addition, Noguchi [21] reported that higher attenuation of the GGN on images may reflect the growth of tumour cells along the alveolar septa and its evolution into an invasive lesion. As a consequence, we subdivided GGNs into three different groups instead of two, distinguishing two types of GGNs without a solid component, according to Suzuki's classification. One can argue with this choice as follows: first, because this classification is not currently used by radiologists; second, because it decreases the number of patients in each group and thereby the statistical power to assess any significant difference.
Preoperative prediction of the degree of invasiveness is a key element in the management of GGNs. In this series, time for surgery in the management of GGNs mainly followed the recommendations of the Fleischner Society [13] , independent of Suzuki's radiological subdivision.
Dealing with the controversy about the extension of lung resection in GGNs was not the purpose of this study, and no conclusion can be drawn about our approach without analysis of long-term follow-up data. Nevertheless, numerous studies reported satisfying oncological results from limited resection for treatment of smallsize non-small-cell lung cancer [22, 23] , which explains why we chose to perform a relatively high ratio of sub-lobar resections. Our patients were selected mainly because of the size and topography of the nodules, but the selection was reinforced when the GGNs exhibited other radiological features of non-or minimally invasiveness. Thus, allowing lung sparing resections may represent an important benefit of the accurate preoperative evaluation of GGN invasiveness in this potentially multifocal disease, which yields prolonged survival when treated [24] .
The present study has some limitations because it is based on retrospective data from a single centre. In addition, the distinction between pure and dense groups may be difficult for radiologists because of the thick sections and the partial volume averaging observable on the CT scans. To decrease this effect and the interhuman variability, we asked for 1-mm thin sections and reinterpretation by two radiologists to enhance classification of GGNs. From a methodological point of view, it would be interesting to compare, in a single centre, white versus non-white populations in order to demonstrate any differences in the pathological analysis of resected GGNs. Unfortunately; we did not have a sufficient number of non-white patients during the study period to design such a study. Furthermore, as was previously pointed out, interpretation of the histological 'invasive' pattern in lung adenocarcinoma depends on the observer. Consequently, despite the systematic review of specimens by two senior pathologists, poor interobserver agreement could be responsible for bias in the categorization and analysis.
In conclusion, in a predominantly white population, small GGNs resected after a selection process represented almost exclusively adenocarcinomas, a majority of which were invasive. In addition, the presence of a solid component was considered a reliable indicator of invasiveness, but a significant minority still proved to have an invasive adenocarcinoma in its absence. Further studies are needed to improve prediction and perform adequate resection and management of such lesions.
